A quantitative theoretical model is presented to investigate the sound absorbing property of porous metal materials with high temperature and high sound pressure based on Kolmogorov turbulence theory in this paper. The porous materials have a large number of anomalous pores with similar scale, and these irregular pores could be considered as quasi-periodic structure that is very similar to the small-scale turbulence. Therefore, Kolmogorov turbulence theory is adopted to analyze the wave propagation inside the porous metal materials, in which the characteristic velocity and characteristic scale can be obtained by the nondimensional analysis method. Furthermore, the acoustical pressure amplitude in the porous metal materials under high temperature and high sound pressure level can be figured out with respect to metal wire diameter, porosity, and other parameters. It is shown quantitatively that the acoustic pressure amplitude goes up with an increase in the temperature and/ or the sound pressure level. This model is verified by the well agreement between the theoretical and experimental results. It could provide a reliable theoretical guidance for the applications of porous metal materials in the area of vibration and noise control under high temperature and high sound pressure level. V C 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Porous metal materials are a new type of structural multifunctional materials. Owing to their distinguished advantages in heat resistance, lightness, stiffness and so on, they have potential applications in noise control under extreme conditions, such as high sound pressure level (SPL) and high temperature. 1 Recently, porous metal materials have been used as aircraft engine liners and combustion chambers for rocket engines, because of their advantages under extreme conditions. [1] [2] [3] [4] [5] [6] Early in 1956, the constitutive equations and fluctuation control equations of porous media were constructed for analyzing their acoustical properties by Biot. 7, 8 In 1970, the power-law empirical relationship between the acoustical characteristic impedance and flow resistivity was presented by fitting a large amount of experimental data by Delany and Bazley, in which the flow resistivity is needed as only one input parameter. 9 In 1992, Allard established the equivalent fluid model, considering the impact of the heat conduction, the air viscosity, and the structure factor on the sound wave propagation. 10 These phenomenological acoustical models could be used in predicting the absorption properties of porous metal materials, but could not explain their mechanism of energy dissipation. More recently, Xu et al. 11 found that the local turbulence and volume dissipation are two important mechanisms for the transformation of kinetic energy to heat in porous materials under shock. Hu et al. 12 adopted two hypotheses of Kolmogorov turbulence theory to describe the energy dissipation process of the porous materials under the conditions of room temperature and normal sound pressure level, and found that the spectral density is proportional to the À5/3 power of the wave number. Sun et al. 2 investigated the sound absorption properties of fibrous metal materials under the temperature below 500 C. Wang et al. 6 and Zhang and Chen 13 studied the sound absorption properties of porous materials below 150 dB by numerical simulation and corresponding experiments. However, the mechanisms of the sound absorption of porous metal materials under conditions of high temperature and high sound pressure have been still unknown up to date.
In this article, a quantitative theoretical model is presented to investigate the sound absorbing property of porous metal materials with high temperature and high sound pressure level by turbulence analogy. For the porous metal materials, a constitutive equation is deduced, and a theoretical model of the porous metal materials considering the impact of high temperature and high sound pressure level on the acoustical parameters is obtained in details. This paper is organized as follows: In Sec. II, the turbulence analog model of porous metal materials is presented. The analysis model is derived in Sec. III, and the numerical results and analysis are given in Sec. IV.
II. TURBULENCE ANALOGY MODEL OF POROUS METAL MATERIALS
The porous metal materials have a large number of anomalous pores and the statistical approach has to be applied to analyze their physical quantities. When the acoustic wave propagates through porous materials, the internal air is in the turbulent motion state, and these irregular pores could be considered as quasi-periodic structure that is very similar to small-scale turbulence, which is proved by a local turbulence state distribution inside a porous metal material a)
Author to whom correspondence should be addressed. obtained by using the material-point method, as shown in Fig. 1 .
11 In classic turbulence theory, when the Reynolds number is increased beyond the critical value, the fluidic turbulence appears, and then the kinetic energy is transited from large eddies to small ones and dispersed into heat due to viscosity. From two famous assumptions of Kolmogorov turbulence, the concept of local isotropy was introduced to describe the statistical property of turbulence fluctuation. 14 Based on the turbulence analogy, Kolmogorov turbulence theory could be adopted to analyze the wave propagation inside porous metal materials. There are a inertial range and a inertial subrange in a quasi-periodic structure element of porous metal materials, as shown in Fig. 2 . For porous metal materials, two similar assumptions are put forward: (a) the mean energy dissipation e and the kinematical viscosity coefficient v are two characteristic quantities influencing energy transition in the inertial range of porous metal materials, which can be used to define two characteristic parameters: characteristic length g and characteristic velocity u; (b) the velocity correlation function has nothing to do with the kinematical viscosity coefficient v in the inertial subrange (r ) g, r is the distance between any two points in turbulent flow field and g is the characteristic size).
In general, the statistics of small-scale turbulence in the porous materials are determined by the viscosity (v) and mean energy dissipation (e) in the inertial range. Meanwhile the velocity correlation function has nothing to do with the kinematical viscosity coefficient v in the inertial subrange. The characteristic velocity and characteristic scale can be obtained by the nondimensional analysis method as follows: 12, 14, 15 u ¼ ðevÞ
Then, we define B dd ðrÞ as the longitudinal velocity correlation function of the two points inside the porous materials. According to the similar assumptions above, B dd ðrÞ has nothing to do with v in the inertial subrange, thus B dd ðrÞ can be represented as
where C 1 is the constant to be determined by experiments. 16 The external energy is consumed continuously when the waves propagate inside the porous materials. The turbulent dissipation makes the sound waves constantly attenuating, and the expression of the power spectral density is derived as
where k is the wave number, k ¼ 2p f =hu i i, f is the driving frequency, hu i i is the space-averaged velocity, and C 2 is a constant to be determined. From Eq. (3), it is shown that the spectral density of the porous materials is proportional to the À5/3 power of the wave number. The power spectral density and the energy dissipation are the two important parameters to describe the turbulence characteristic. In this paper, the energy dissipation of the porous metal materials is obtained by using the method of particle flow. In fact, the air in pores inside the porous metal material is equivalent to the particles in the particle flow, the metal skeleton is equivalent to the air of the particle flow, and the porosity of the porous metal material is equivalent to the particle concentration in the particle flow. The general constitutive equation of the granular flow was given by using the general theory of continuum mechanics in Ref. 17 . The sound absorption properties of the porous metal materials can be regarded as the combination of the air flow movement, skeleton movement, and the interaction between the air and the skeleton. In general, the skeleton can be considered as rigid because of its very small response under the acoustic disturbance. 
where p is the contact stress, C 0 is the air viscous force, g is the gravity acceleration, / 0 is the stationary internal friction angle, tan / 1 ¼ k s1 =k p1 , and tan / 2 ¼ k s2 =k p2 , where k s1 , k s2 , k p1 , k p2 are the stress coefficient to be determined by experiments, / 1 is the sliding friction angle, / 2 is the collision friction angle, d a is average pore diameter, and
where / is the porosity of the porous metal material and d is the wire metal diameter,
where trD is the trace of the stress tenser D.
The viscous force among the air particles in the porous metal material is too small to be considered (C 0 ¼ 0). As mentioned above, the air particles motion can be regarded as a simple shear (U 1 ¼ uðyÞ, U 2 ¼ U 3 ¼ 0) in the local regions. Under these conditions, the general constitutive equation can be simplified as follows:
where the zeroth-order term of the velocity gradient ( du dy ) is caused by the static pressure among the air particles. The linear terms 2k p1 qd a 3=2 g 1=2 and k s1 qd a 3=2 g 1=2 represent the energy dissipation of the velocity gradient caused by the relative sliding and pressing among the air particles. The quadratic term of the velocity gradient is caused by the collision and diffusion effects of air particles, which changes the energy redistribution among the air particles without changing the total energy.
In Ref. 12, the turbulence energy dissipation of per unit time and per unit volume of porous metal material was derived as
where l is the equivalent viscous coefficient,
is the velocity gradient, and hi is the spatial average operator. The energy dissipation rate e describes the consumption of acoustic energy, which plays the similar role as the sound absorption coefficient. The equivalent viscosity coefficient (l) denotes the internal movement hindered in porous materials, which plays the similar role as the flow resistivity (r).
III. THE ACOUSTICAL PROPERTIES OF POROUS METAL MATERIALS WITH HIGH TEMPERATURE AND HIGH SOUND PRESSURE LEVEL
Under high temperature and high sound pressure level, the influence of the temperature and sound pressure on the physical quantities have to be considered to study the acoustic properties of the porous metal material. The physical quantities under the conditions of room temperature and normal sound pressure level in the constitutive Eq. (5) should be replaced by corresponding parameters under high temperature and high sound pressure level.
A. The acoustical properties of porous metal materials with high temperature
The gas density in the porous metal material obeys the ideal gas state equation under high temperature as follows:
where q 0 ¼1:2929 kg=m 3 , P 0 ¼ 101325 Pa, and T 0 ¼ 273:16 K are parameters for the ideal gas state. The air density q 1 , the pressure P 1 , and the absolute temperature T 1 are for the high temperature state. Without considering the change of the normal sound pressure, the general for a certain pressure is then becoming as
In addition, considering the relative movement between the air particle and the metal skeleton, the density in Eqs. (4) and (5) should be replaced by the effective density 18 in the theoretical model
where
, where / is the porosity of porous material, a 1 is the dynamic shear rate, c is the shape coefficient, r is the flow resistance, x is the angular frequency, and j ¼ ffiffiffiffiffiffi ffi À1 p , J 0 is the Bessel function of the zeroth order, and J 1 is the Bessel function of the first order.
It is well known that the flow resistance is the most important macroscopic parameter of the acoustic properties of porous metal materials. Then, we obtain the flow resistance with high temperature and high sound pressure level. First, the relation between flow resistivity and viscosity coefficient is expressed as
where l is the air viscosity coefficient with high temperature, which can be obtained based on the viscosity-temperature relationship derived by Sutherland,
where l 0 is the air viscosity at room temperature, l 0 ¼1:17 Â 10 À5 kg=ðm sÞ.
B. The acoustical properties of porous metal materials with high sound pressure level
The nonlinear sound absorption characteristic of the porous metal materials is caused by the change of the flow resistance under high sound pressure level. 6 The flow resistance of porous metal material no longer obeys Darcy's law, which is related with the particle velocity amplitude. The flow resistance value increases as the particle velocity amplitude rises. In other words, the flow resistance of porous metal materials is nonlinear due to high sound pressure, which makes the sound absorption characteristics of the porous metal material is nonlinear under high sound pressure. The result of nonlinear flow resistance derived by Jiang 21 is used in this paper
where u is the particle velocity amplitude inside the porous metal materials. By substituting the acoustical parameters under high temperature and high sound pressure level into Eq. (5), we can obtain the theoretical model of acoustic characteristics of porous metal materials under high temperature and high sound pressure. If the high temperature is considered, we just consider the linear part of the flow resistance, the effective density, and the air viscosity coefficient under the high temperature. On the other hand, if the high sound pressure level is considered, we just set the temperature as the room temperature in the theoretical model.
IV. THE NUMERICAL RESULTS AND VERIFICATION
Based on the previous theoretical analysis, we calculate the absorption coefficient of the porous metal materials under high temperature and high sound pressure in this section. In this paper, we used the turbulence analogy model, considering the influence of temperature on the acoustical parameters (such as the effective density, the flow resistance and so on), and combined with the equivalent viscosity coefficient and viscosity-temperature relationship to calculate the absorption coefficient of the porous metal material. Figure 3(a) shows the comparisons between the calculated absorption coefficients and experimental results at different temperature. The discrete points in the figure are experimental results in Ref. 2 . The porous metal material parameters are: the thickness of the material h ¼ 25 mm, the porosity / ¼ 0:9, and fiber diameter d ¼ 50 lm. The material was placed on a rigid wall, the temperature was set as 100 C, 300 C and 500 C, respectively. From Fig. 3(a) , we can find the theoretical results are in well agreement with experimental results, which prove the accuracy of theoretical model to predict the sound absorption property of porous metal materials under high temperature. Figure 3(b) displays the comparisons between the calculated results and experimental results under different high sound pressure level, where discrete points in the figure are experimental results in Ref. 13 . In this experiment, the high sound pressure level was generated by a high-power speaker, of which the output is controllable with a maximum output sound pressure level of 150 dB. We have calculated the absorption coefficient with different incident sound pressure levels for certain frequencies (700 Hz and 850 Hz). It is shown in Fig. 3(b) that the absorption coefficient remains constant first, and then goes up as the incident sound pressure level increases and finally reaches a peak at about 170 dB. The two curves predicted by the theoretical model coincide very well with the experiment data below 150 dB, which prove that the theoretical model is accurate to predict the sound absorption property of porous metal materials under high sound pressure level. Figure 4 shows the variation of the sound pressure amplitude inside the porous metal material with different frequency under different conditions. Figure 4 increases with an increase in temperature. Compared to the influence of the temperature to high frequency sound waves, the impact to lower frequency is more significant. Due to temperature increasing, the effective density value decreases, the overall effect leads to the characteristic impedance decreasing, thus the sound pressure amplitude increase. The conclusions are consistent with the results in Ref. 22 . Figure  4(b) shows the variation of the sound pressure amplitude with frequency inside the porous metal materials under different high sound pressure level 140 dB, 148 dB, and 154 dB. As shown in Fig. 4(b) , when the frequency is lower than 1000 Hz, the higher the incident sound pressure level, the greater the sound pressure amplitude of the porous metal material; and when the frequency is higher than 1000 Hz, the influence of incident sound pressure level on the sound pressure amplitude is smaller. With the frequency of the incident wave increasing, the sound pressure amplitude of the porous metal material reduces and is close to the constant. The higher the incident sound pressure level, the greater is the amplitude of the internal sound pressure level of porous metal materials, thus the sound pressure amplitude of incident sound pressure level 154 dB is higher than those of 140 dB and 148 dB. Figure 4 (c) displays the relationship between the sound pressure amplitude and the frequency under the combined influence of high temperature and high sound pressure level on the acoustical property of the porous metal material. The temperatures are taken as 800 C, 1000 C, and the incident sound pressure levels are 148 dB and 154 dB. The corresponding parameters are:
, and g ¼ 9:8 m=s 2 . The calculated results of the combined influence of four different conditions are shown in Fig. 4(c) . The figure shows that the results of the combined influence of high temperature and high sound pressure are similar to the influence of the single factor of high temperature or high sound pressure level. The higher the temperature or the sound pressure level, the greater the sound pressure amplitude of the porous material. Figure 5 shows the curves indicating the relation between the sound pressure amplitude and porosity in the porous metal material at different temperatures with left coordinate. The frequency of incident sound wave is 1000 Hz, the other corresponding parameters are the same to those above. As shown in Fig. 5 , the porous material acoustic pressure FIG. 4 . Sound pressure amplitude inside the porous metal material for different frequency, when t ¼ 800 C, t ¼ 1000 C, and t ¼ 1200 C (a), and when the incident pressure level equals to 140 dB, 148 dB, and 154 dB (b). Sound pressure amplitude inside the porous metal material for different frequency with the combined influence of high temperature and high sound pressure level: t ¼ 800 C, SPL ¼ 148 dB; t ¼ 1000 C, SPL ¼ 148 dB; t ¼ 800 C, SPL ¼ 154 dB, and t ¼ 1000 C, SPL ¼ 154 dB (c), respectively.
FIG. 5. Sound pressure amplitude inside the porous metal material for different porosity, when t ¼ 800 C, t ¼ 1000 C, and t ¼ 1200 C (Left coordinate), and when the incident pressure level equals to 140 dB, 148 dB, and 154 dB (Right coordinate), respectively. amplitude rise with the porosity; the sound pressure amplitude under the conditions of 1200 C is higher than those of 800 C and 1000 C. These can be explained as: the higher the porosity is, the less the skeleton of porous metal materials contained, the smaller the density, thus the characteristic impedance decreases, which leads to the increasing of the sound pressure amplitude; Owing to the influence of high temperature, the air viscosity decreases with the temperature increasing, and thus the sound pressure amplitude under 1200 C is higher than those of 800 C and 1000 C. Figure 5 shows the curves of the sound pressure amplitude and the porosity of the porous metal material with different sound pressure level at room temperature with the right coordinate. As shown in Fig. 5 , the sound pressure amplitude of the porous metal material increases with the porosity increasing. The sound pressure amplitude under 154 dB is greater than those of 140 dB and 148 dB. These can be explained as: the higher the sound pressure level, the greater the internal particle velocity of the metal porous, thus the sound pressure amplitude under 154 dB is greater than those of 140 dB and 148 dB; and the higher the porosity of porous metal materials, the smaller its density, and the characteristic impedance decreased, which makes the sound pressure amplitude of the porous metal materials increase. Figure 6 displays the curves of the sound pressure amplitude and the metal wire diameter inside the porous metal material under different temperature with left coordinate. As shown in Fig. 6 , the sound pressure amplitude increases with the wire diameter increasing. The sound pressure amplitude under the condition of 1200 C is higher than those of 800 C and 1000
C. This is because the sound pressure is proportional to the square of the pore feature size in the constitutive equation, when the porosity is certain, the greater the wire diameter, the greater the feature size of the pore, and thus the sound pressure amplitude is greater. On the other hand, this can also be explained that the larger the characteristic scale of the pore, the characteristic impedance of the porous metal material is close to the characteristic impedance of the air, and thus the sound pressure amplitude increase with the wire diameter increasing. Figure 6 shows the variations between sound pressure amplitude inside the porous metal materials and wire diameter with different high sound pressure level at room temperature with right coordinate. As shown in Fig. 6 , the sound pressure amplitude increases with the increase of the metal diameter. It is because that when the porosity is fixed, the wire diameter larger, the mean pore diameter greater, and the sound pressure amplitude is proportional to the square of the pore feature size, thus the sound pressure amplitude is greater. The higher the incident sound pressure level makes the acoustic nonlinear effects within the porous metal materials be more significantly, so the sound pressure level amplitude is greater. Thus, the sound pressure amplitude with the high sound pressure level 154 dB is higher than those of 140 dB and 148 dB.
V. CONCLUSION
In this paper, a quantitative theoretical model is presented to investigate the sound absorbing property of porous metal materials with high temperature and high sound pressure based on Kolmogorov turbulence theory. This theoretical model is verified by the well agreement between our calculation results and the experimental results. It found that the sound pressure amplitude of the porous metal material increases with increasing temperature; under high sound pressure levels, the sound pressure amplitude of the porous metal material increases with sound pressure level. The results of the analysis in this paper are consistent with those of references. These show that using the turbulence analog model to study the acoustic properties of porous metal materials under conditions of high temperature and high sound pressure has good applicability. The model could provide a reliable theoretical guidance for the applications of porous metal materials in the area of vibration and noise control under high temperature and high sound pressure level. FIG. 6 . Sound pressure amplitude inside the porous metal material for different wire diameter, when t ¼ 800 C, t ¼ 1000 C, and t ¼ 1200 C (Left coordinate), and when the incident pressure level equals to 140 dB, 148 dB, and 154 dB (Right coordinate), respectively.
